Abstract-A class of models of a "dark sector" of particles consider new very weak interaction between the ordinary and dark matter transmitted by U'(1) gauge bosons A' (dark photons) mixing with ordinary photons. If such A's exist, they could be searched for in a light-shining-through-a-wall experiment in a high energy electron beam from the CERN SPS. A proposed search project suggests detection of the pairs produced in the -> decays with a very small opening angle. Coordinate detectors based on the thin-wall drift tubes with a minimal material budget and a two-hit resolution for and tracks separated by more than 0.5 mm are considered as an option for detecting such events.
. Schematic layout of the setup to search for dark photons in a lightshining-through-a-wall type experiment at high energies. Shown are the scintillation counters S1 and S2 defining the primary electron beam, electromagnetic calorimeters ECAL1 and ECAL2, veto counters V1 and V2, decay volume DV, straw tube chambers ST1 and ST2, and the hadron calorimeter HCAL.
contains particles described by singlet fields with respect to the gauge group of the Standard Model. In a class of these models, in addition to gravity, a very weak interaction between the normal and dark matter may exist. It is assumed that the interaction can be transmitted by massive ' (1) gauge bosons (dark photons ') which could mix with ordinary photons. The dark photons, ', could have a mass in the sub-GeV range and a coupling to photons lying in the experimentally accessible and theoretically motivated parameter space. The search for dark photons is in the research programs of several laboratories, see e.g. [1] , and references therein.
The proposal P348 for the search for A's at the CERN SPS relies on detecting pairs with a small opening angle [2] , [3] . A viable coordinate detector can be constructed on the base of the thin-wall drift tubes (straw tubes) which are characterized by the smallest material budget compared to other types of particle detectors. Nevertheless, the straw tube detectors should provide two-hit spatial resolution similar to other gas-filled detectors. For example, the two-hit resolution of a GEM detector can reach 0.5 mm [4] . In order to investigate the feasibility of employing the coordinate detectors based on straw tubes for the setup suggested in the proposal P348 for registering pairs, the high precision straw tubes have been constructed and studied at JINR.
II. BEAM TESTS AND THE EXPERIMENTAL SETUP
The observation of ' decay presents a challenge for the detector design and performance. The experimental setup specially designed to search for the decays [2] , [3] is schematically shown in Fig. 1 . The experiment will employ the CERN SPS H4 e-beam, which is produced from the T2 target of the CERN SPS with momentum from 10 to 300 GeV/c and transported to the detector in an evacuated beamline. The maximal beam intensity at GeV/c is of the order of e-per SPS spill of 4.8 s with protons on the target. The setup shown in Fig. 1 is equipped with a high density electromagnetic calorimeter ECAL1 used to detect e-primary interactions, high efficiency veto counters V1 and V2, two thinwall straw tube chamber stations ST1, ST2, an electromagnetic calorimeter ECAL2 located at the downstream end of the ' decay volume DV used to detect pairs from the decays in flight, and a hadronic calorimeter (HCAL) used mainly for search of invisible decay modes. The 's are produced through mixing with bremsstrahlung photons from the electron scattering off nuclei in the ECAL1, ', as shown in Fig. 1 . This reaction typically occurs in the detector at depth of a few radiation lengths. The bremsstrahlung ' then propagates through the calorimeter ECAL1 and through the veto counter V1 without interactions and it decays in flight into pair in the decay volume DV of length . The signal events would have a unique signature characterized by two electromagnetic showers, which would develop separately along the beam axis as shown in Fig.  1 . The first shower is produced in the target, the electromagnetic calorimeter ECAL1, by the scattered electron, e'-, and the second one is observed in the electromagnetic calorimeter ECAL2 as a total signal caused by the energy deposition from the pair with a small opening angle further called "narrow decaying pair". The tracks produced by the pair are registered in the straw chambers of the ST1 and ST2 stations, while the energy of the pair is measured by the electromagnetic calorimeter ECAL2.
The P348 experiment [2] , [3] intends to probe the ' mass region MeV with the primary electron beam energy in the range of 30-100 GeV. The energy distribution of ' such masses produced in the ECAL1 by beam electrons and emitted towards the ECAL2 fiducial area is typically peaked at maximal energy corresponding to the beam energy . The decay opening angle of the pairs has minimal value , where are the mass and energy of the massive photon . Thus, if
MeV and GeV, one obtains mrad, and the distance between tracks of and in the detector placed at m downstream of the decay vertex is about mm. However, for masses MeV and GeV, the tracks are separated just by mm. Taking into account that approximately 85% of the events have to be registered in the region , a two-hit spatial resolution of at least mm is required for reconstruction of low-mass 's with efficiency higher than 50%.
Under these conditions, the events cannot be resolved in the ECAL2 as a two-shower event and, therefore, will be registered as a single shower. A feasibility study shows that the detection of pairs in both, ST1 and ST2 chambers, allowing for the reconstruction of the decay vertex of the event in the vacuum decay volume ( Fig. 1 ) would provide a large background suppression factor in the search for rare events. Therefore, the design and construction of a coordinate detector which can efficiently detect and resolve narrow pairs both in this and other experiments is a very interesting and important task.
To optimize the two-particle resolution, the diameter of the proposed drift tubes was reduced down to 2 mm. To compensate corresponding reduction of registration efficiency due to small amount of gas in the tubes, we propose to operate the straw chambers at enlarged gas pressure -up to three bar.
III. COORDINATE DETECTORS BASED ON THIN-WALL DRIFT TUBES

A. Detection of Electron-Positron Pairs with a Small Opening Angle
The proposed setup includes two stations of two layer coordinate detectors with a sensitive area of mm based on straw tubes, which have Kapton walls of m. The first station, ST1, contains and beam chambers. The chambers are built of 6 mm diameter straws flushed with gas mixture (80/20) at a pressure of 1 bar. The maximum collection time of ionization electrons, what determines the intrinsic detector time resolution, is of about 60 ns because electrons need about 20 ns to pass a 1 mm distance in a gas mixture based on argon. The coordinate detectors based on the straw tubes with diameter from 4 to 10 mm [5] , [6] , [7] as usual for these detectors operate in proportional mode. They are widely used and, therefore, the beam chambers will not be discussed below.
The second station, ST2, is intended for identification of the pairs. If two or more charged particles traverse the straw at the same time, all ionization electrons are collected at the anode and a common signal is formed which does not generally contain information on the number of particles. The radial coordinate of the closest to the anode particle is defined by the drift time of the ionization electrons by detecting the pulse leading edge. Due to the small angular divergence of the electron-positron pairs produced in the decay volume of the experimental setup, the coordinate detectors should provide a two-hit spatial resolution better than 1 mm. The detectors assembled of 2 mm straw tubes are used for the identification of close pairs of particles, in particular electrons and positrons registered by different straw tubes, as well as for measurement of the radial coordinates of the particles.
The particle 1 which passes through a two-layer chamber (Fig. 2, left panel) , crosses the straw tubes in each of the two layers, and the sum of the ionization electrons drift times (denoted as and in Fig. 2 ) measured in the tubes is equal to the maximum electron collection time in the straw tube of a given radius. If the sum of the measurement of and differs from the collection time of the straws, this means that the hits are due to different particles. If a chamber is crossed by several simultaneous particles separated by a distance larger than the straw diameter , they are registered in two or more different straws. The particles separated by distance larger than and smaller than can be identified as two-hit event by collecting signals from two adjacent straws of one straw-layer and/or from the adjacent straws of the first and the second layer shifted by a straw radius.
Possible patterns of passage of a pair of charged particles separated by a distance smaller than through a two-layer detector are shown schematically in Fig. 2 , right panel. It is possible that a pair of particles passes between the anodes of two closest straw tubes of the first, , and second, , layer ( zone). It is also possible that the two particles of the same pair pass closer than the distance of to the anode wire of the straw belonging to the first or second layer ( 2 zone). It is clear from Fig. 2 (right panel) that in the former case the first particle of the pair is detected by the straw of one layer, and the second one is registered in the straw of another layer. The identification of a pair can be done by comparing drift times measured in these straw tubes. This approach can identify some events in which the distance between the two particles is less than one-half of the straw radius. In the latter case, the closest to the anode particles are detected by adjacent straws from different layers (particles 1-2 and 2-3) or by two adjacent straws in the same layer (pairs of particles 1-3 and 2-3). Therefore, the use of the straws of 2 mm diameter makes it possible to construct detectors, which possess a two-hit resolution of the order of 0.5 mm.
B. The 2 mm Straw Tubes
To verify that the construction of the high two-hit resolution straw chambers is feasible, the straw tubes of the 2 mm inner diameter have been manufactured. They were produced by winding two strips of a Kapton film on a mandrel. Fig. 3 shows straw tubes with radius of 1 mm and 2 mm (520 mm in length with wall thickness of m), as well as a straw detector prototype made of 200 mm long and 2 mm diameter tubes. The anode gold plated tungsten wire diameter was 30 and m in the straws of 4 and 2 mm, respectively. The wires were mounted in the tubes with a specified accuracy.
In the studies, we have used 5.9 keV gammas from a Fe-55 radioactive source and -source of Ru-106 with maximum electron energy of 3.55 MeV [8] . The straw tubes have been flushed with gas mixture in the ratio 80/20 at pressure varying from 1 to 3 bar. To estimate the expected straw tube efficiency, a dedicated Monte Carlo simulation has been performed. Simulated distributions of the ionization losses for 20 GeV electrons crossing a 2 mm straw tube filled with the gas mixture in question at pressure of 1 and 3 bar are shown in Fig. 4 . The mean energy losses were proved to be 0.6 keV and 1.6 keV for the former and latter case, respectively. It is evident that in some events the energy loss can be smaller than the detection threshold.
The estimated single straw efficiency is shown in Fig. 5 as a function of the detection threshold. The results are shown for different values of the gas mixture pressure and they indicate for rather high probability of the signal loss (particle detection in efficiency) at pressure of 1 bar, whereas particles can be detected with efficiency of about 99% at pressure of 3 bar and the detection threshold of eV. This means that the detector should work at increased to 3 bar filling gas pressure.
Tests of straw detectors conducted at the CERN SPS proved that the efficiency for a gas mixture (80/20) at pressure of 1 bar and identical FEE for minimum ionizing particles (m.i.p.) were different for straw tubes of diameter 9.53 mm and 4 mm. For example, the efficiency was 99% and 87% for the straws of diameter 9.53 mm and 4 mm, respectively [9] , [10] . The similar efficiency for the straws of 4 mm diameter has been obtained for the ATLAS TRT straw detector [5] .
The radiation thickness of the two layer drift chamber based on 2 mm straws (inner diameter) at pressure of 3 bar and 6 mm straws at pressure of 1 bar is and if the wall thickness is m and m, respectively (see Table I ).
C. Parameters of the 2 mm Straw Tube Detector
The characteristics of straws of 4 and 2 mm diameter at pressure of 1 bar have been compared in the course of studies in which the tubes were irradiated by a wide beam of gammas from a Fe-55 source. The performances of the detectors constructed of 2 and 4 mm straw tubes are found to be similar. The signal amplitude and resolution as a function of the anode voltage are shown in Fig. 6 . The obtained results demonstrate that the gas amplification is uniform along the anode. The amplitude dependencies are similar to each other, and the signal amplitude corresponding to the limited proportional mode in a 2 mm straw is even higher than that in a 4 mm straw by . A small deterioration of the energy resolution in a 2 mm straw is considered as non-essential. A deterioration of the energy resolution measured in a 4 mm straw at V can be explained by the onset of a saturation of the detected signals when a Fe-55 source is used. The similarity in the measured parameters can serve as a justification of the program of constructing precision coordinate detectors based on straw tubes of small inner diameter.
The signal amplitude and counting rate as a function of the anode voltage for 2 mm straw tubes studied at three values of the gas pressure is displayed in Figs. 7 and 8 , respectively. The amplitude dependence presented in Fig. 7 corresponds to the proportional and limited proportional operating mode. Signal amplitudes as high as , 500 and 300 mV were detected at gas pressure of 1, 2, and 3 bar, respectively. The counting rate plateau estimated from the results displayed in Fig. 8 spreads over more than 200 V and there are no noise counts. In the studies, the straws of 4 mm diameter were identical to the straws which reliably operate in the ATLAS TRT [5] . The similarity found between parameters of the 2 mm straws and the straws used in the ATLAS TRT (4 mm straws) suggests that small diameter straws have a good potentialities for precise coordinate detectors.
The detection efficiency of the 2 mm straw tube detector for Ru-106 electrons as a function of the gas pressure has been measured at branch condition. It is displayed in relative units in Fig. 9 . In all measurements, the anode voltage corresponding to the center of the counting rate plateau (cf. Fig. 8 ) has been selected. The detection efficiency rises to and when the gas pressure increases from 1 bar to 2 bar and 3 bar, respectively.
The decreasing of the drift tube diameter allows one to decrease the straw detector occupancy, however, not dramatically. The use of large diameter straw tubes with segmented anodes (granulated straws) can decrease the counting rate by a substantially larger factor and to effectively detect particles at gas pressure of 1 bar [9] .
IV. CONCLUSION
Presented here results of tests, simulations and comparisons show that coordinate detectors based on small diameter straw tubes have a good potential to provide a high two-hit spatial resolution. Application of the technique proposed in this paper using the straw tubes of 2 mm diameter and operated at 2 bar overpressure may result in efficient simultaneous detection of two tracks being separated by only 0.5 mm.
The relatively low cost of the straw detectors, reasonably large sensitive area and moderate time resolution allow one to employ the detectors for some challenging tasks, for instance, for the identification of close electron-positron pairs. The comparison of the 2 mm diameter straw tubes with those of 4 mm diameter operating with gas mixture (80/20) at gas pressure of 1 bar has demonstrated that they have similar characteristics. This indicates that the 2 mm diameter straws are feasible for using them in the detectors at the accelerators. Nevertheless, if the typical efficiency in detecting m.i.p. particles for a 4 mm straw with an argon based gas mixture is about 80%, an increase of the efficiency to can be obtained with a 2 mm straw tubes by increasing the gas filling pressure to 3 bar. The present study has demonstrated that this task is feasible.
Therefore, new capabilities of the coordinate detectors based on the thin-wall drift tubes of 2 mm inner diameter and operated at gas filling pressure of 3-5 bar basically allow one to -achieve two-hit resolution not worse than 0.5 mm; -achieve high detection efficiency for minimum ionizing particles; -increase the intrinsic spatial resolution of the straws [10] ; -decrease the straw wall thickness down to m by using Kapton films of 12 or m.
